This study investigated the correlation between the antibacterial ability of silver nanoparticle air filters with the related dust loading. In addition, a decay equation with which the life cycle of the antibacterial air filters could be predicted was developed. Samples of a HEPA (High Efficiency Particulate Air) filter were coated with an antibacterial agent, silver nanoparticles, which were synthesized via an atmospheric spark discharge method and deposited onto the filters using forced convection flow. A specific amount of dust particles was then blown onto each filter sample. Two kinds of bacteria, Escherichia coli (E. coli), representing Gram-negative bacteria, and Staphylococcus epidermidis (S. epidermidis), representing Gram-positive bacteria, were used in order to examine the antibacterial abilities of the filter samples. The results of the disc diffusion method showed that the dust loading adversely affected the antibacterial efficacy. However, the silver nanoparticle mass density on a filter with a certain amount of dust does increase the antibacterial ability to a certain extent. Finally, decay equations for the decline rates of the antibacterial ability against E. coli and S. epidermidis were obtained with a dimensionless pressure drop across the antibacterial filter samples.
INTRODUCTION
Heating, ventilation, and air conditioning (HVAC) systems, which are designed and widely operated in order to provide improved air quality in indoor environments, are required not only to ensure acceptable temperature, humidity, and air movement, but also to control various particle pollutants or biological aerosols and to keep humans healthy (Barhate and Ramakrishna, 2007; Yu et al., 2009) . Therefore, the filtration of airborne microorganisms is being studied widely using theory and mathematical models based on general particle size distribution (Kowalski et al., 1999) . However, resistant bacteria such as Bacillus subtilis can exist on the filter media while maintaining its viability (Wang et al., 1999) . In addition, bacteria or mold spores captured in the used air filters can grow and reproduce because the dust deposited in the filters may serve as a source of nutrients if the humidity is sufficient (Schleiginger and Rüden, 1999; Kemp et al., 2001; Maus et al., 2001) .
In order to prevent bioaerosol contamination on the air filters, antimicrobial-treated air filters are used. It has been shown that the antimicrobial treatment of fibrous air filters can inhibit the growth of microorganisms on the filters and that the use of antimicrobial agents causes no significant difference in the filtration efficiency for either bioaerosols or inert test aerosols (Foarde and Hanley, 1999) . There are primarily two kinds of antibacterial effect assessment methods that are widely used: the disc diffusion method (DDM) and the colony count method (CCM). The CCM is a method for determining the bacterial number by spreading a bacterial solution on an agar plate and counting the bacterial colonies after incubation for approximately 24 hours. The DDM is based on the appearance of a belt-like inhibition zone surrounding the antibacterial-treated specimen, which contacts bacteria placed on the surface of the nutrient agar in a Petri dish, after incubation for approximately 24 hours. The antimicrobial characteristics of antimicrobial-treated air filters without dust loading have been studied by using the CCM and DDM. Park et al. (2011) reported the antibacterial efficiency of the multi-walled carbon nanotube (MWCNT) deposited glass fiber air filter. They generated Fe nanoparticles for the activation of the air filter using a spark discharger system and then deposited the MWCNT onto the air filters by the chemical vapor deposition (CVD) process. The antibacterial ability of the MWCNT-deposited air filter was evaluated using CCM and it was reported that manufactured filters had high antibacterial ability against E. coli. Miaśkiewicz-Peska and Łebkowska (2011) evaluated the antibacterial ability of three kinds of agents: silver nitrate, potassium jodate, and hydrated sodium tetraborate, using DDM. They coated the woven air filters with silver nitrate, which had the best antibacterial performance in their study, as the antibacterial agent and evaluated its antibacterial performance using CCM. Five bacterial strains: Micrococcus luteus, Micrococcus roseus, B. subtilis, Pseudomonas luteola and Pseudomonas putida, were used in their study and it was reported that the presence of an antimicrobial compound in the air filters caused a decrease in the amount of bacteria, which was observed in the case of both the gram-negative and the gram-positive strains. Rantnesar-Shumate et al. (2008) compared the physical capture efficiency (PRE) and the viable bacterial removal efficiency (vBRE) of the novel biocidal (Iodine-treated) filter medium. They reported that there was no discernible difference in the PRE between the iodine-treated and the untreated filters. However, a 2-log enhancement of the vBRE over the PRE was observed against the two bacterial strains of M. roseus and E. coli. Yoon et al. (2008) studied the antibacterial ability of the silver coated activated carbon fiber (ACF) filters. An ACF filter was coated with silver particles using an electroless deposition method and their antibacterial efficacy against two kinds of bacteria, E. coli, and B. subtillis was evaluated using CCM and DDM. In their study, the inhibition zone increased and the colony ratio decreased with the increments of the amount of coated silver.
Research into the antimicrobial mechanisms of silver nanoparticles or silver ions has been carried out. However, the exact mechanism of action of silver on the microbes is still not known. Possible mechanisms of action of silver nanoparticles and silver ions have been suggested according to the morphological and structural changes found in the bacterial cells upon exposure to silver. It is recognized that the formation of "pits" on E. coli bacteria cell walls by silver nanoparticles significantly increases the permeability of the membranes, resulting in an incapability of the bacterial cells to properly regulate transport through the plasma membrane, ultimately causing cell death (Sondi and SalopekSondi, 2004) . A previous mechanistic study on silver ions demonstrated that DNA molecules in bacteria become condensed and lose their replication abilities, accompanied by the inactivation of the bacterial proteins, as a reaction to the denaturation effects of silver ions (Feng et al., 2000) . The mechanism of the antibacterial action of silver nanoparticles depends on their size. When silver nanoparticles are small and release many Ag+ ions, the antibacterial activity is dominated by these ions. On the other hand, when relatively large silver nanoparticles are employed with a low rate of Ag+ ion release, the particles themselves also influence the antibacterial action (Sotiriou and Pratsinis, 2010) . Metallic silver is sensitive to oxygen, and partially oxidized metallic silver also exhibits antibacterial activities (Lok et al., 2007 (Carlson et al., 2008; Neal, 2008; Su et al., 2009; Stevanovic et al, 2012; Xu et al., 2012) . It has been reported that ROS are produced when respiratory enzymes are inhibited through the interaction of silver ions with the thiol group of the enzymes. The generated radicals induce the toxic effects related to oxidative stress (Curr et al., 2005; Olmedo et al., 2005; Limbach et al., 2007) .
As dust particles deposit on air filters, the dust particles can prevent contact between the silver nanoparticles and the microorganisms, resulting in the decrease in the antimicrobial efficiency and eventually the need for the replacement of the filters. According to a series of qualitative experiments detailed in a report by the American Society of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE), dust-loaded and non-dust-loaded panel filter pairs with different antimicrobial agents lead to different results in microbial growth tests (Foarde and Hanley, 1999) . However, the methodology for the determination of the replacement cycle of used antibacterial air filters has not been investigated. To the best of our knowledge, the decay correlation of the antibacterial ability of antibacterial air filters with dust particles was experimentally investigated for the first time in the study. More specifically, decay equations for the antibacterial ability against two kinds of bacteria E. coli and S. epidermidis were derived as a function of the pressure drop across the antibacterial filter sample, which could then be applied in order to predict the life cycles of used antibacterial air filters.
METHODS

Preparation and Characterization of Silver-Deposited HEPA Filter Samples
Glass fiber HEPA filters (Fabriano®) were coated with silver nanoparticles using a spark discharge method, which was described by Byeon et al. (2008) and Tabrizi et al. (2009) . The spark discharge method is widely used for generating nanoparticles, because it is simple, easily deliverable, and environmental friendly (Kim and Chang, 2005; Borra, 2006; Simonin et al., 2007) . Fig. 1(a) shows the experimental setup for coating filters with silver nanoparticles by using a spark discharger. The system consisted of a test duct, a spark discharge generation system, and a measurement system. A high voltage was applied to a pair of close-set silver electrodes. Dry and clean compressed air was used in order to deliver the generated silver nanoparticles to a sample filter, and its volume flow rate was set at 1.5 L/min. A filter sample for testing the coating method was installed in the middle of the test duct that was made of acryl. The crosssectional area of the test duct was 4 × 4 = 16 cm 2 , which was the same as the area of the filter sample. The length of the test duct was 1 m. The temperature and relative humidity inside the test duct were maintained at 22.5 ± 3°C and 10 ± 5%, respectively. Two isokinetic stainless steel sampling probes for aerosol sampling were located in the upstream and downstream of the filter media. The size distributions of the silver aerosol nanoparticles upstream and downstream from the filter samples were measured using a scanning mobility particle sizer (SMPS, 3936N22 Custom, TSI Inc.,
Fig. 1.
Experimental schematic of (a) the coating of silver aerosol nanoparticles, where 2 kV and 1 mA were used for the spark discharger and (b) dust loading using fly ash generated from a dust feeder. USA). The SMPS system was composed of a classifier controller (3080, TSI Inc., USA), a differential mobility analyzer (DMA, 3081, TSI Inc., USA), a condensation particle counter (CPC, 3022A, TSI Inc., USA), and an aerosol charge neutralizer (Soft X-ray charger 4530, HCT Co., Ltd., Korea) with a sampling air flow rate of 0.3 L/min. The SMPS measured the mobility equivalent diameter of the silver aerosol nanoparticles.
The antibacterial filter samples were prepared for coating times of 5, 20, and 60 minutes. The mass areal density (ρ M ) of the coated silver nanoparticles was calculated using Eq.
(1) for each coating time:
where Q  is the carrier gas flow rate, is the effective area of the filter sample, and C M is the total mass concentration of the silver aerosol nanoparticles. The superscripts "up" and "down" refer to the upstream and downstream locations of the filter samples, respectively. Table 1 summarizes the various areal densities for the different coating times used in the experiments. Before the silver aerosol nanoparticles were coated, each filter sample was sterilized in an autoclave at 121°C and 0.1 MPa for approximately 60 minutes. The evolution of the silver nanoparticle dendrites on the filter fibers was observed using a field emission scanning electron microscope (FESEM; JSM-6500F, JEOL, Japan). The coated filter sample was then characterized using X-ray photoelectron spectroscopy (XPS; ESCALAB 220i-XL, VG scientific instrument, USA) and energy dispersive X-ray spectroscopy (EDS; EX-23000BU, JEOL, Japan).
Dust Loading Using Test Dust
Dust loading of each silver-deposited filter sample was necessary in order to simulate real-world conditions. In the Begum et al. (2006) study, it was shown that the primary components of the atmospheric particles were Si and metallic (such as Al, Fe) compounds. In this study, we used Arizona test dust, which consisted of 68% to 76% SiO 2 , 10% to 15% Al 2 O 3 , and 2% to 5% Fe 2 O 3 . The schematic of the experimental setup is shown in Fig. 1(b) . The test dust was generated via a dust feeder consisting of an Erlenmeyer flask and a magnetic stirrer. Compressed air was blown into the dust feeder at a volumetric flow rate of 5 L/min, which carried test dust particles into the test chamber. An aerodynamic particle sizer (APS; 3321A, TSI, USA) and an SMPS system were used in order to measure the size distribution of the test dust. Since the SMPS system measures particles with sizes ranging from 0.0025 to 1.0 μm according to their mobility equivalent diameter and the APS measures particles from 0.5 to 20 μm according to their aerodynamic diameter using a double-crest optical system, the following equation was used to convert the mobility diameter, d m , into the aerodynamic diameter, d a (Park et al., 2003) :
where ρ p is the particle density and χ is the dynamic shape factor. C c,m and C c,a are the Cunningham slip correction factors corresponding to d m and d a , respectively. In order to control the amount of dust loading, the pressure drops between the air upstream and downstream of the filter samples were measured using a differential pressure gauge (Magnehelic® series 2000, DWYER Instrument Inc., USA). The measured pressure drop data were compared with the theoretical predictions carried out using the following equation (Brown, 1993 
where α is the filter solidity, L is the depth of the filter, μ is the dynamic viscosity of air, d f is the diameter of the glass fiber, and K n is the Knudsen number. The face velocity at the filter fibers (u 0 ) is defined as U/(1 -α), where U is the face velocity at the test chamber. The solidity of the filter was calculated with the following equation:
where α' is the filter solidity without dust loading. It can be calculated by using
, where M f is the filter mass, ρ f is the glass fiber density, and A f is the filter area. α dust is the solidity added by the dust loading and is calculated by using the following equation:
where M dust is the mass of the dust particles and ρ dust is the dust particle density. The masses of the filter before and after dust loading were measured using an electronic precision balance (AR2140, OHAUS Corp., USA). The filter fiber diameter was measured by using the FESEM image. The results for the specifications of the filter are listed in Table 2 .
Antibacterial Tests
Two kinds of bacteria were selected for the antibacterial tests: E. coli (ATCC 11775), and S. epidermidis (ATCC 14990). Both kinds of bacteria were suspended in liquid broth (BD® DifcoTM). After overnight incubation at a temperature of 37°C, the grown bacterial solutions were diluted with nutrient broth to an optical density (O.D.) of 0.002, which was measured using a photospectrometer (Libra S12, Biochrom Ltd., UK) when the wave length was 600 nm. The numbers of bacterial cells in the solutions of E. coli and S. epidermidis were approximately 2.7 × 10 6 and 4.5 × 10 4 colony forming units (CFU)/ml, respectively. The 100 μL bacterial solution was spread onto the surface of the agar plate which contained 5ml nutrient agar in a 50 × 15 mm Petri dish. The coated filter samples were cut off into circular shape, 1 cm in diameter, and each of the samples was placed on the surface of the agar. After overnight incubation at 37°C, the inhibition zone widths were measured using an Absolute Digimatic caliper (CD-20CP, 500 series, Mitutoyo Corp., Japan), with an accuracy of 0.01mm. Four different locations (in the 3, 6, 9, and 12 o'clock directions) around each filter sample were measured independently and the average values were calculated. The experiments were repeated three times.
RESULTS AND DISCUSSION
Preparation and Characterization of Silver-Deposited HEPA Filter Samples
For the conditions of 2 kV and 1 mA that were employed for the spark discharger, the mode diameter of the generated silver nanoparticles was approximately 16 nm and the geometric standard deviation was 1.43. The number and mass concentrations of the silver nanoparticles were 1.92 × 10 7 #/cc and 567 μg/cc, respectively. Filtration tests were carried out on this upstream aerosol flow. The penetration, P , was calculated using the following equation: P  / down up N N C C where C N is the total number concentration of silver aerosol nanoparticles. Fig. 2 shows an FESEM image of the silver deposited glass fibers (coating time = 60 min). Nanoparticle dendrites were developed on the glass fiber. The size of the nanoparticle dendrites was approximately 20 nm, which matched the value from the SMPS data. The components of the nanoparticles on the glass fiber were analyzed by EDS analysis, which showed that the coating species were primarily silver compounds. The ZAF (atomic number, absorption and fluorescence correction) method was used for quantitative analysis. Fig. 3 shows that the mass and atomic number fraction of Ag in the treated filter samples increased as the coating time increased. Fig. 4(a) shows the XPS spectrum obtained from the silver nanoparticle-coated filter. For XPS analysis, we set the pass energy of the survey scan and the detail scan to 50 eV and 20 eV, respectively, and we used the C-1s peak (285 eV) for orbital matching. The peaks of the spectrum shown in Fig. 4(a) arise from the Ag core-level, along with the spectral lines of O-KL, O-1s, C-1s, Si-2s, and Si-2p. The high resolution XPS Ag-3d spectrum is shown in Fig. 4(b) . The binding energy (BE) values of Ag-3d 3/2 and Ag-3d 5/2 were 374.7 eV and 368.8 Table 2 . Specifications of the filter.
Filter sample thickness (L) [cm] Solidity of dust unloaded filter (α') 4 × 4 Glass fiber 2.7 0.07 0.09 eV, respectively. The BE value of the silver nanoparticles increased with the decreasing size of the particle (Shin et al., 2004) and it was reported that the BE values of the 16 nm silver nanoparticles were 375 eV at Ag-3d 3/2 and 368.8 eV at Ag-3d 5/2 (Shanmugam et al., 2006) . The BE values, which were measured in this study, were in good agreement with those of Shanmugam et al. (2006) . Fig. 5 shows the size distribution of the test dust. The mode diameter of the generated test dust was approximately 4 μm and the geometric standard deviation was 1.9. The number and mass concentrations of the test dust were 9.41 × 10 2 #/cc and 3.01 × 10 4 μg/cc, respectively. Fig. 6 shows an FESEM image of the silver deposited glass fibers with the test dust. The size of the dust particles ranged from approximately 1 to 5 μm. This wide range of particle sizes resulted in the large geometric standard deviation of the generated test dust.
Dust Loading Using Test Dust
Pressure drops across different test filter media were measured for various flow rates of clean air. The data are summarized in Fig. 7 . For any flow rate, the pressure drops increased as the dust loading amount increased. However, the silver nanoparticles coated onto the filter did not have much effect on the pressure drop, regardless of their number densities. As shown in Fig. 2 and Fig. 6 , the silver nanoparticles were much smaller than the diameter of the filter fiber. The increase of the solidity induced by the silver nanoparticles was less than 3.04 × 10 -7 and this solidity increase did not affect any of the pressure drops. However, the size of the dust particles was bigger than the diameter of the filter fiber. Therefore, the increase in the solidity caused by dust particles ranged from 0.004 to 0.056. These values were enough to disturb the flow inside the filter and change the pressure drop.
Antibacterial Tests
In order to observe the effects of the dust loading amount on the antibacterial characteristics, various amounts of the test dust were loaded onto filter samples containing silver nanoparticles. The results are graphed and fitted with a linear function in Fig. 8 . The inhibition zone became wider when the number density of the silver nanoparticles was higher (corresponding to a longer coating time). No inhibition zone was observed on the control samples, which contained no silver nanoparticles. The results in Fig. 8 show that a greater dust amount per filter (viz., a higher pressure drop) corresponds to a lower antibacterial ability (viz., a narrower inhibition zone width). The disc diffusion method is based on the diffusion of the antimicrobial compound from impregnated discs onto an agar plate, which has previously been incubated with the test organism (McGill et al., 2009) . One plausible reason for the inverse relationship between the dust amount and the inhibition zone width is that the Ag nanoparticles and Ag ions didn't diffuse thoroughly because the dust on the filter blocked the contact between the Ag nanoparticles and the agar plate. When the dust loading amount was approximately 0.005 g/cm 2 of the filter surface area and the coating mass density of the silver nanoparticles was 0.27 μg/cm 2 of the filter surface area, then the inhibition zone diameter of the filter samples containing the silver nanoparticles was approximately 60% of that measured in the case of no dust loading as is shown in Fig. 8(a) . However, the inhibition zone diameter increased to approximately 92% of that measured in the case of no dust loading when the coating mass density of the silver nanoparticles increased to 3.19 μg per cm 2 of the filter surface area.
The silver nanoparticle number density of a filter containing a certain dust amount is an important factor in the antibacterial ability: the more silver nanoparticles that are coated onto a filter, the higher the antibacterial ability becomes. The y-intercept in the fitted linear function reflects the antibacterial efficacy of the unloaded dust filter and this value in the case of E. coli was lower than the one in the case of S. epidermidis for any amount of silver coating. The absolute value of the slope of the fitted linear function can reflect the sensitivity of the antibacterial efficacy to the loaded dust amount. The absolute values of the slope in the case of E. coli were smaller than those in the case of S. epidermidis for all silver coated amounts. In our previous study, it was reported that Gram-positive bacteria are more sensitive than Gram-negative bacteria to the silver nanoparticles (Yoon et al., 2007) .
In this study we define two dimensionless parameters in order to generalize the relationship between the pressure drop due to dust loading and the antibacterial ability, since the pressure drop is affected by the dust amount as shown in Fig. 7 . The dimensionless pressure drop, κ, is defined as κ = (P -P 0 )/P 0 where P and P 0 are the pressure drops with dust loading and with no dust loading, respectively. The decline in the rate of the antibacterial ability, , is defined as  = W/R f , where W is the inhibition zone width with dust loading and R f , is the radius of the filter sample, which was cut to 0.5cm in the current study. Fig. 9 shows the trend lines of the decline rates of the antibacterial ability against E. coli and S. epidermidis along with the dimensionless pressure drop across the antibacterial filter samples containing silver nanoparticles and dust particles. The empirically fitted equation for each trend line is listed. From the data in this study, we suggest that the relationship between κ and  for a certain antibacterial filter can be empirically expressed as the general solution of the natural decay equation, d/dκ = -a , as follows: (4) where  0 is the decline rate of the antibacterial ability without dust loading, and the coefficient a is the decay constant depending on the operating conditions, such as the size of the filter as well as the species and amount of bacteria. In this study, we calculated the decay constant a using the following linear equation
where a' and b' are fitting coefficients, and M Ag is the areal mass density of the coated silver nanoparticles in μg/cm 2 . For E. coli, the coefficients of a' and b' are 0.1 cm 2 /μg and -0.7 (dimensionless), respectively, while a' and b' for S. epidermidis are 0.15 cm 2 /μg and -0.8, respectively. In this study, we used DDM as the antibacterial performance test. In the DDM, the inhibition zone appears around antibacterial agent (silver nanoparticle in this study) coated specimens, when the antibacterial agent diffuses from the specimen into the agar. The solubility of the agent and its molecular size will affect the size of the inhibition zone. In order for CCM to be used to evaluate the antibacterial efficacy of the antibacterial agent, only deposited bacteria should be detached from the filter. If deposited dust particles are detached from the filter, the antibacterial agent (silver NP) can be directly exposed to liquid media containing bacteria and can react with the bacterial cells. In a real situation where air filters are used, dust particles can deposit on the silver nanoparticles and prevent direct contact between the filtered microorganisms and the silver nanoparticles.
Even though the DDM is a suitable method for preventing overestimation of the antibacterial effect of silver nanoparticles in USED (dust loaded) air filters, which would be caused by the detachment of the dust particles in the case of using CCM, the DDM also has limitations for the modeling of real operating situation air filters and the interaction between the antibacterial agent and bioaerosols. These limitations are due to the fact that DDM does not simulate what will transpire on a filter when it is contaminated with a bacterial species in aerosol form. In addition, it is difficult to indicate the total amounts of microbes present in the culturing assay using DDM.
In our future studies, experiments will be needed to make the reported data applicable to the activity of antimicrobial agents on filters, such as correlation experiments linking the disc diffusion method to simulated in-use conditions. Experiments will also be needed to study ambient bioaerosols under various operating conditions for air filters, such as temperature and humidity.
CONCLUSIONS
The antibacterial ability of a silver nanoparticle-coated HEPA filter was evaluated with various amounts of dust loaded. The pressure drop of the test filter increased. In addition, the antimicrobial activity of the filter decreased as the deposited dust amount on the test filter increased, and the antibacterial ability against each strain of bacteria increased as the areal density of the coated silver nanoparticles increased. The inhibition zone width in the case of S. epidermidis decreased more rapidly than that in the case of E. Coli. Finally, a decay equation for calculating the decline rates of the antibacterial ability against E. coli and S. epidermidis with the dimensionless pressure drop for various coated areal densities of silver nanoparticles was proposed. This fitting equation was well-matched with the experimental data. The decay equation proposed in this study can be used as reference data in order to determine the replacement cycle for antibacterial filters according to their operating conditions.
